The distribution of summer phytoplankton across the Straits of Magellan (SOM) was studied with the aims of tracing diVerences among the distinct subregions of the area and contributing to the knowledge of its biodiversity. Samples collected at 25 stations were observed and counted in light microscopy. Selected samples were observed with transmission electron microscopy. The main unifying feature of the phytoplankton in the SOM was the high abundance and numerical dominance of small-sized (<10 m) eukaryotic species, among which coccoid cells of <3 m size were predominant (56.2 § 30.6 of the total phytoplankton abundance). They mostly belonged to the prasinophyte Pycnococcus provasolii, which was abundant (0.8-6,834 cells £ 10 3 ml ¡1 ) at all stations with the exception of those in proximity to the Atlantic entrances, where it was not recorded. Small-sized (<3 and 3-5 m) diatoms (Minidiscus trioculatus, Lennoxia faveolata and other undetermined centric species) attained high densities (<3,757 cells 10 3 ml
Introduction
Marine phytoplankton is extremely dependent on environmental factors which can cause space and time variations in their abundance, species composition and size ranges. The profound phylogenetic diversity of phytoplankton is reXected in an astonishing variety of morphological and biological features which cause individual phytoplankton species to show diVerent responses to resource availability, environmental stimuli, predators and interspeciWc competition. Ultimately, the rates and pathways through which phytoplankton aVects geochemical and trophic changes are strictly dependent on species composition (Cloern 1996) . The Straits of Magellan (SOM), with its complex geomorphology and distinct climatic conditions (Antezana 1999) , oVers a unique opportunity to study phytoplankton in an environment characterised by a remarkable hydrographic and biological heterogeneity.
Early phytoplankton studies in the SOM focused on fjords or limited parts of the Straits (Lembeye et al. 1978; Uribe 1991; , where blooms of Alexandrium catenella causing Paralytic ShellWsh Poisoning (PSP) and discolourations produced by Gymnodinium sp. were reported (Guzmán et al. 1975; Lembeye et al. 1975; Uribe 1988a, b; Uribe and Ruiz 2001 ). An extensive study across the SOM in October-November 1989 provided Wrst information on spring phytoplankton assemblages (Cabrini and Fonda Umani 1991; Uribe 1991) , which were further analysed in subsequent investigations (Antezana et al. 1996; Iriarte et al. 2001) . Phytoplankton studies were also conducted in other seasons, including the summer of 1991 (Carrada et al. 1994; Saggiomo et al. 1994; Magazzù et al. 1996) and the autumn of 1995 (Iriarte et al. 1996; Magazzù et al. 1996; Vanucci and Mangoni 1999) .
The seasonal cycle of phytoplankton in the SOM shows a switch from large, micro and nanoplanktonic species during the seasonal blooms to small sized, ultra and picophytoplankton (<5 and <2 m, respectively) during the rest of the year (Iriarte et al. 2001) . In this respect, the phytoplankton of the Straits resembles that of the Chilean coasts (Toro 1985; Iriarte et al. 2007 ) as well as of temperate (Li 2002) and Southern Ocean systems (Boyd 2002) . The spring bloom is observed in October-November (Cabrini and Fonda Umani 1991; Iriarte et al. 2001) and is due to the proliferation of several colonial diatom species such as Chaetoceros compressuss, C. lorenzianus, C. debilis, Leptocylindrus danicus, Thalassiosira angulata, T. aestivalis, Pseudo-nitzschia spp. and Asterionellopsis glacialis (Antezana et al. 1996) , most of which are cosmopolitan. In late summer and early autumn, the smallest size fraction (<2 m) is predominant (Saggiomo et al. 1994; Carrada et al. 1994; Iriarte et al. 1996; Magazzù et al. 1996; Iriarte et al. 2001 ) and cyanobacteria (Synechococcus and Prochlorococcus) constitute its major part (Bruni et al. 1993; Vanucci and Mangoni 1999) . The picoeukaryotic fraction, which is also abundant in these seasons (Saggiomo et al. 1994; Vanucci and Mangoni 1999) , is much less known, as it is generally dominated by featureless or delicate species that are spoiled by formaline or lugol and are hardly identiWable in light microscopy.
In this study, we analyse phytoplankton species distribution in the diVerent regions of the SOM during the late summer of 1991, which was shown to be characterised by the marked dominance of phytoplankton in the <2 m (62%) and 2-10 m (33%) size fractions (Saggiomo et al. 1994; Magazzù et al. 1996) . The aims of this paper are to verify whether the spatial heterogeneity of the SOM is reXected in variations of species assemblages and to contribute to the knowledge of the phytoplankton biodiversity in the area. Preliminary information on the data set collected in summer 1991 was provided by . Since then, a number of investigations have addressed the SOM phytoplankton in other seasons (Vanucci and Mangoni 1999; Iriarte et al. 2001) , as well as over the seasonal cycle (Iriarte et al. 2007; Avaria 2008 ). Yet, the data set collected in 1991 still holds information on the distribution of phytoplankton species that have rarely been explored in other studies. From our analysis, eukaryotic phytoplankton in the SOM appears to include several interesting smallsized species, which in some cases show diVerences in their spatial distribution across the SOM. Some of these species have rarely been recorded in other areas of the world's ocean, pointing at a peculiarity in the phytoplankton of the area and of its subregions.
Materials and methods

Study area
The Straits of Magellan (SOM) is a 550-km-long channel ( Fig. 1 ) that represents a boundary area between the southern temperate and the Antarctic regions, as well as between the Atlantic and PaciWc oceans, all of which have markedly diVerent climatic and biological features. Due to the high variety of geographical features, the SOM has distinctive characteristics when compared to the other periantarctic areas, among which it is the only one having a continental nature.
Distinct subsystems can be identiWed in the SOM, in relation to the inXuence of the Atlantic and PaciWc Oceans at the boundaries, the fjords opening southwards in the eastern portion and large and deep basins in western part. The exchange between these subsystems is limited due to the presence of sills and narrow passages, besides the roughly V-shaped structure of the channel (Fig. 1) . From the climatological point of view, the SOM can be divided into two markedly diVerent sections. The Andean section, from the PaciWc entrance to Cape Froward, is subject to heavy rainfall (400-2,000 mm year
¡1
) and intensive runoV, with strong W-SW winds and a broad prevalence of cloudy days (>8/10). The Patagonian section, from Cape Froward to the Atlantic, is characterised by lower rainfall regime (250-300 mm year ¡1 ) and hence reduced run-oVs (Medeiros and Kjerfve 1988) . Sea-water temperature over the year varies between 4 and 12°C at surface (Iriarte et al. 2001) .
In summer 1991, diVerent sectors were identiWed in the SOM (Fig. 1 ) based on distinct water density values, nitrate, POC and phytoplankton pigment distributions (Saggiomo et al. 1994; Carrada et al. 1994) . Sector A includes shallow (max 200 m), oligotrophic sites at the PaciWc Ocean entrance, with vertically homogeneous phytoplankton pigments. Sector B, including stations west of Carlos III Island, is a deep (down to 1,100 m) and narrow (ca 5 km) channel characterised by a sharp pycnocline that originates from intense run-oV (Artegiani et al. 1991) and by relatively rich phytoplankton biomass. Sector C, from Carlos III Island to Cape Froward, is a divergent shallow zone (50 m), the sill oV Carlos III Island representing an obstacle to the hydrographic exchange between the adjacent sectors. In sector C, the lowest chlorophyll a (chl a) and POC values of the internal part of the SOM were found (Carrada et al. 1994) , possibly due to light limitation caused by intense mixing, as nutrients were not limiting in that area (Saggiomo et al. 1994 ). The area from Cape Froward to Isabel Island (sector D) is rather shallow (200 m) and has a basin-like morphology. StratiWcation due to heat rather than run-oV was observed in the area (Artegiani et al. 1991; Saggiomo et al. 1994) . The highest chl a concentrations were measured in this sector, where other phytoplankton pigments diVered from those of the other sectors. These features, along with a marked pycnocline and an important decrease in nitrate within the euphotic layer, suggested a conWned nature of this area, with a high residence time of the water masses (Saggiomo et al. 1994) . Sector E (from Isabel Island to Primera Angostura) is a very shallow (<50 m) area, subject to strong tidal currents and consequent resuspension of sediments. The major component of the suspended matter is the inorganic fraction (Fabiano et al. 1991) . Despite the importance of tidal currents in this sector, biological, chemical and physical parameters exclude the hypothesis of a strong westward residual current of Atlantic origin during the stratiWed period (Saggiomo et al. 1994 ).
Methods
Phytoplankton samples were collected from 20 February to 3 March 1991 during a research cruise carried out on board of the R. V. Cariboo from the PaciWc to the Atlantic boundaries of the SOM (Fig. 1) . Twenty-Wve stations were sampled with bucket samples at surface; nine of them were also sampled with Niskin bottles at 10 m (22.5% of the incident Photosynthetically Active Radiation, PAR) and at deeper layers corresponding to 8-1.7% of the incident PAR. Physical and chemical parameters, photosynthetic pigments, pico and zooplankton communities were also studied at these stations, and the results were presented elsewhere (Anonymous 1991; Faranda and Guglielmo 1993; Carrada et al. 1994; Saggiomo et al. 1994) .
For quantitative analyses, samples were Wxed with neutralised formaldehyde to a Wnal concentration of 2.5%. A number of surface samples were also Wxed with glutaraldehyde to a Wnal concentration of 1%, to preserve the internal structure and to allow electron microscopy observations. All samples were preserved in dark glass bottles at a temperature of about 4°C until counting, which was completed within 6 months from the collection. Cell counts were performed at the inverted light microscope (LM) after sedimentation of variable sample volumes (2-100 ml), depending on cell concentration (Utermöhl 1958) . Two transects, corresponding to ca 1/30 of the whole bottom area of the sedimentation chamber, were analysed at 400£ magniWcation. Coccoid species were counted on a variable number (mostly 20) of random Welds, depending on their abundance. An average of 323 Fig. 1 Map of the SOM with the location of the sampling stations and the identiWcation of sectors A-E following Saggiomo et al. (1994) . Empty circles indicate the stations where phytoplankton was analysed at diVerent depths ( §176) specimens of the most abundant taxon and 755 ( §298) specimens in total were counted in individual samples. Rare species found in either LM or EM observations were not quantiWed.
The principal taxonomic text used for species identiWcations were Throndsen (1993) , Heimdal (1993) , Hasle (1995) and Steidinger and Tangen (1995) . Other papers used for identiWcation of some species are reported in the text below. Microalgae that could not be identiWed to the species or genus level were included in suprageneric groups such as phytoXagellates, cryptophyceans, chrysophyceans, prasinophyceans, euglenophyceans, coccolithophores, centric diatoms, pennate diatoms, naked dinoXagellates and thecate dinoXagellates. The latter four groups were further subdivided according to cell size.
Biovolumes were calculated approximating cell shapes to basic or composite geometric solids. Linear cell dimensions were measured on an average of 50.7 ( §28.6) cells for the 10 most abundant taxa, and on fewer specimens for the rest of the taxa, depending on their abundance and size variability. Taxa only recorded rarely or in electron microscopy, not included in cell counts, were not measured. Biovolumes were converted into carbon values using diVerent formulas for protist plankton, diatoms >3,000 m 3 and other diatoms (Menden-Deuer and Lessard 2000) . To compare cell size among taxa with diVerent shapes, the equivalent spherical diameter (ESD) was calculated from the average biovolume of each taxon.
The Percentage Similarity Index (PSI) between pairs of phytoplankton samples was calculated with the formula suggested by Whittaker (1952) , which takes into account the relative abundance of individual taxa in each sample.
Selected samples where small diatoms were particularly abundant were repeatedly washed with bidistilled water and mounted directly on grids for whole cell observation at Transmission Electron Microscopy (TEM). For TEM ultrastructural analysis, glutaraldehyde-Wxed material was rinsed in 0.05 M cacodylate buVer and post-Wxed in buVered 2% osmium tetroxide. The material was then dehydrated in ethanol, transferred to propylene oxide and Wnally embedded in Epon resin, as detailed in Zingone et al. (1995) . After polymerisation at 70°C for 24-35 h, the samples were cut on a Reichert Ultracut ultramicrotome and ultrathin sections were observed using a Philips EM 400 microscope.
The identiWcation of Pycnococcus provasolii was based on the original description of the species (Guillard et al. 1991) . Samples collected in summer 1991 were subsequently compared with cultured material from the area of Paso Ancho obtained in the course of a cruise conducted in the autumn of 1995. Mixed cultures established with the serial dilution method (Andersen and Throndsen 2003) were observed in the light microscope. Selected cultures containing coccoid cells were Wxed with 2% glutaraldehyde, post-Wxed in osmium tetroxide and prepared for TEM observations as described above.
Results
Phytoplankton species
A total of 84 phytoplankton taxa and ataxonomic groups were identiWed in the Straits of Magellan in summer 1991 (Table 1) . Of these, only a very restricted number constituted the bulk of the total phytoplankton. One of the most abundant species was a tiny (average 2.5 m) coccoid form ( Fig. 2a-d) . Despite its small size and plain spherical shape, this species was distinguishable at LM due to the presence of two distinct chloroplasts, or two lobes of a single chloroplast, each with one refractive granule. At TEM, these granules corresponded to two conspicuous pyrenoids surrounded by starch (Fig. 2a ). Other distinctive features at TEM were the thick cell wall, not covered with scales, and the presence of a mitochondrial protrusion into the pyrenoid. Based on these features, these coccoids were tentatively identiWed as Pycnococcus provasolii (Guillard et al. 1991) . The latter species has a single chloroplast but, due to its phased cell cycle, most cells divide during the day showing two pyrenoids and often two distinct hemispherical chloroplasts (Guillard et al. 1991) . During the ItalianChilean expedition in the Straits of Magellan in autumn 1995, live material of the same coccoid species was obtained from the area of Paso Ancho. This material allowed to obtain better images ( Fig. 2b-d ) that conWrmed the Wrst identiWcation of the species. New observations also showed the presence of the peculiar operculum-like structure on the cell surface (Fig. 2b, c) , which has only been described for P. provasolii (Guillard et al. 1991) , as well as chloroplasts with thylakoids arranged in a very regular pattern (Fig. 2d ). Other specimens in TEM samples were identiWed as Bathycoccus prasinos (Fig. 2e) , a coccoid prasinophyte that is distinguishable from P. provasolii and other coccoids by its peculiar shape, smaller (1.5-2.5 £ 1-2 m) size, and especially for the presence of spider-web scales arranged in an imbricated pattern on the cell surface (Eikrem and Throndsen 1990) .
Small Xagellates were mostly undetermined. Among them, cryptophyceans of two diVerent sizes (ca 5 m and ca 12 m length, respectively) could be distinguished. Several cells showed the peculiar structures consisting of Wve Wlaments that are typical of several Phaeocystis species (Medlin and Zingone 2007) , but the identiWcation of this species was not consistent among the samples, as such structures were found either close to Xagellated cells or free in the samples. TEM observations revealed the presence of other Lennoxia faveolata (Fig. 2f-i ) and Minidiscus trioculatus (Fig. 2j) were among the most common diatom species. The former has solitary, spindle-shaped cells, with a central widening and very thin rostra at the two ends. Lennoxia faveolata is not very diVerent in shape from the pennate form of Phaeodactylum tricornutum (e.g. the specimens in Fig. 2f-g ) or from small forms of the widespread pennate species Cylindrotheca closterium (e.g. the specimens in Fig. 2h) . However, at TEM, it shows a quite unusual ultrastructure, with hexagonal areolae and a rudimental tubular process on one of the valves (Fig. 2i) . The species was considered related to the Cymatosiraceae (Thomsen et al. 1993 ), a centric diatom family including several very small and polymorphic species, at times superWcially resembling pennate species (Hasle et al. 1983 ). In the SOM, specimens of L. faveolata were straight, with rostra of medium length and total length of 7.5-26.5 m (average 12.5 m). Only a few specimens showed the curved forms described for the type material from the Beagle Channel by Thomsen et al. (1993) . The latter is the only paper so far recording L. faveolata.
In the area of Paso Ancho, a relatively high number of small diatom cells showed a cylindrical shape. These forms, tentatively identiWed as Leptocylindrus sp.1 in Marino et al. (1993) , at TEM rather resembled the cylindrical morph of some polymorphic cymatosiraceans, e.g. of the genera Minutocellus and Extubocellulus (Hasle et al. 1983) . Unfortunately, the ultrastructure of the frustules of these specimens was not visible in TEM, preventing a better classiWcation. Another diatom had cylindrical cells forming short colonies similar to those of Leptocylindrus spp., but much thinner (ca 2 m), shorter (ca 15 m) and with one single, long chloroplast. These forms are tentatively attributed to Leptocylindrus sp.
Microplanktonic (>20 m) and colonial diatoms were found in small numbers and almost exclusively at the two entrances to the SOM. On the PaciWc side, they were mainly constituted by Chaetoceros debilis, Lauderia annulata, Pseudo-nitzschia cf. delicatissima, P. cf. seriata, Guinardia delicatula and Thalassiosira cf. aestivalis (Fig. 2k) . In the area under the inXuence of Atlantic waters, Guinardia delicatula was again present, along with Leptocylindrus sp., Cylindrotheca closterium, Chaetoceros spp. and with some pennate species probably of benthic origin.
Spatial distribution of phytoplankton assemblages
Surface phytoplankton concentrations varied from minima of 3.8 and 1.7 £ 10 5 cells l ¡1 at the boundary with the PaciWc and Atlantic Oceans, respectively, to maxima of up to 1.3 £ 10 7 cells l ¡1 in the Patagonian sector (Fig. 3a) . Spatial trends for total biomass (as carbon content) generally reXected those for cell numbers, despite some discrepancies due to diVerences in size and biomass values among species (Fig. 3b) . For example, due to the presence of relatively large dinoXagellates, at the PaciWc entrance (St. 1-5), cell numbers were much lower than those of Sector B stations but biomass values were comparable.
Based on phytoplankton density, biomass and composition, diVerent areas could be identiWed in the SOM, which broadly corresponded to the sectors delineated in Saggiomo et al. (1994) , although with some diVerences (Fig. 3) . At the PaciWc entrance to the Straits (St. 1, 4 and 5), phytoplankton did not exceed 7.6 £ 10 5 cells l -1 but biomass values reached 17.6 g C l ¡1 , due to the higher contribution of dinoXagellates, mainly naked forms >15 m. UnidentiWed phytoXagellates, coccolithophores (mainly Emiliania huxleyi) and coccoid cells, most of which belonging to Pycnococcus provasolii, were predominant in terms of cell numbers. Diatoms were less abundant and were represented by small undetermined centric species, Lennoxia faveolata, and some colonial species (e.g. Chaetoceros debilis, Pseudo-nitzschia spp. and Guinardia delicatula), not found in the rest of the Straits.
In the Andean section, between St. 6 and 10, cell numbers increased (2.6-6.5 £ 10 6 cells l ¡1 ), while biomass values were not much higher than at the PaciWc entrance (average 16.9 § 5.5 g C l -1
). This area corresponded to sector B in Saggiomo et al. (1994) , which however also included St. 5 and 11. Pycnococcus provasolii was strongly predominant (from 79 to 96%) in terms of cell numbers. All the other phytoplankton groups were scarcely represented in terms of cell numbers, but small and >15 m dinoXagellates contributed 45.9 and 46.8% of the total biomass at St 7 and 8, while small Xagellates attained 25.7% at St. 7 (Fig. 3b) . Diatoms were represented only by small centric species, mainly Minidiscus trioculatus (<2.3 £ 10 5 cells l ¡1 ) and Lennoxia faveolata, the latter with much lower abundance (<2.3 £ 10 3 cells l ¡1 ). From St. 11-13, roughly corresponding to sector C in Saggiomo et al. (1994) , lower cell abundance (2.0-3.7 £ 10 6 cells l
¡1
) and very low biomass values of 6.4-8.9 g C l ¡1 were recorded. At St. 11 and 11bis P. provasolii reached its maximum relative importance in both cell numbers (95.8% at St. 11b) and biomass (76.5% at St. 11). Eastward (St. 12 and 13) this species was still dominant (>78%), but phytoXagellates and diatoms (mainly undetermined cymatosiraceans and Lennoxia faveolata) increased up to 7.7 and 9.8% of the total cell number, respectively.
The numerical importance of phytoXagellates and diatoms increased notably from St. 14 to 20 (sector D in Saggiomo et al. (1994) ), where the highest values for cell concentration and biomass were recorded. Diatoms attained 40.6% of the total cell number and were mainly represented by 2.6-3.6 m (ESD) solitary species, such as Lennoxia faveolata and Minidiscus trioculatus and by <3 m ESD cylindrical cymatosiraceans. In terms of biomass, diatoms were largely outweighed by small Xagellates, among which cryptohyceans were rather abundant (up to 4.9 x10 5 cell ¡1 at St. 16) and by dinoXagellates <10 m, while P. provasolii, although still abundant, represented only 8.7-25.5% of the total biomass.
Cell numbers and biomass values decreased from St. 21 to 23, in the area identiWed as sector E by Saggiomo et al. (1994) , and even more so from St. 24 to 26, which were not analysed in that study. In this part of the Straits, where the Atlantic tides play a very important role, coccoid cells briskly decreased disappearing from St. 24 eastward, whereas Emiliania huxleyi and other coccolithophores reached their maximum abundance and biomass (3.9 £ 10 5 cells l ¡1 and 3.6 g C l ¡1 at St. 24). The small diatoms found in Paso Ancho and Bahia Inutil were substituted by other unidentiWed colonial (up to 4.7 £ 10 4 cells l -1 at St. 22) and pennate species (up to 1.0 £ 10 4 cells l -1
), along with Cylindrotheca closterium, Chaetoceros spp. and Guinardia delicatula. A notable amount of detritus also characterised samples collected in the easternmost sector of this area, where minimum abundances and biomass values were recorded.
Due to the wide distribution of a relatively high number of species and suprageneric groups across the Straits, the Percentage Similarity Index (PSI) values between adjacent stations were relatively high (Fig. 3a) , with minima of 0.50-0.60 only at the PaciWc entrance, between Paso Ancho and Bahia Inutil and in the area under the inXuence of Atlantic waters. PSI values were high even between couples of stations quite far among them (e.g. 0.94 between St. 8 and St. 12, and 0.67 between St. 8 and St. 19).
In terms of cell size, microplanktonic cells (by deWnition >20 m) were rare and scarcely contributing to the total biomass across the SOM (Fig. 3c) . Within the nanoplankton, the 10-to 20-m fraction was the least represented. From St. 6 to St. 20, 75-100% of the total biomass was constituted by cells with a mean equivalent spherical diameter (ESD) lower than 10 m. This size class included the coccoids and almost all the diatoms of the Straits, as well as the large majority of dinoXagellates and other Xagellates. The fraction with ESD smaller than 3 m, which included P. provasolii and the diatoms Minidiscus trioculatus and Lennoxia faveolata, constituted, as an average 37.1 § 20.9% of the total biomass from St. 6 to St. 20, briskly declining at the two entrances to the SOM. The average ESD for the whole phytoplankton assemblages varied from 2.59 to 3.57 m from St. 6 to St. 20, with the lowest values at stations where coccoid cells and diatoms were dominant (Fig. 3c) . At the PaciWc entrance to the Straits, as well as at stations dominated by Atlantic tides, the mean ESD briskly raised to values higher than 4 um, due to both the decrease in small cells and the presence of larger diatoms and dinoXagellates.
In addition to Pycnococcus provasolii, only missing at the easternmost stations (Fig. 3a) , a number of taxa identiWed in this study had a wide distribution and comparable cell densities all over the Straits (Fig. 4) . These included Emiliania huxleyi, Minidiscus trioculatus and undetermined cryptophyceans. Lennoxia faveolata was also widespread, except in the easternmost Atlantic region, but was more abundant in the Paso Ancho area. Other centric species (mainly cymatosiraceans) were almost absent outside the Paso Ancho area, while typically colonial diatoms (e.g. Guinardia delicatula and Chaetoceros spp.) were only retrieved at the two entrances of the SOM and benthic pennate diatoms mainly at the stations inXuenced by Atlantic tides.
In most cases, cell abundance was rather homogeneous over the upper 20-25 m of the water column, briskly decreasing only at 1-2% of the surface PAR (Fig. 5) . Despite a few exceptions, species composition did not vary signiWcantly along the vertical, showing, for example, a quite even distribution of Pycnococcus provasolii in the photic zone in most cases. However, even within stations in the same sector or with high PSI, such as St. 11b and 13 or St. 17 and 20, vertical patterns were at times diVerent, probably reXecting small-scale hydrographic diVerences. In Paso Ancho and Bahia Inutil (St. 17 and 18), a decreasing vertical gradient was evident for cell numbers but not for biomass, which was homogeneous along the vertical at St. 17 but showed a subsurface maximum at St. 18 due to the higher importance of dinoXagellates in subsurface layers. At St. 4, a peak was observed at 25 m that was mainly constituted by unknown coccoid cells of about 1.5 m diameter, which could have been Bathycoccus prasinos, also retrieved in TEM samples.
Discussion
The importance of small-sized phytoplankton Phytoplankton of the SOM in summer 1991 showed rather unique features in terms of community structure, species composition and abundance and biomass partitioning among size classes, which are hardly comparable to known phytoplankton assemblages of other subantarctic or periantarctic areas. The unifying feature all across the internal part of the Straits was the predominance of a restricted number of small-sized species, which matched the previous estimation of 95% of the total chl a in the size fraction smaller than 10 m (Saggiomo et al. 1994 ). The most abundant species were small, non-colonial, non-motile and mostly rounded. This striking morphological convergence for species belonging to diVerent groups (diatoms, prasinophytes, coccolithophores) points at some environmental constraint, possibly of hydrodynamic or biogeochemical nature, or both. Interestingly, the dominance of small cells in the SOM in the summer of 1991 was not associated with low cell numbers nor with minimum biomass concentrations. Particularly in the Patagonian sectors of the SOM, chl a values higher than 2 g l ¡1 and primary production exceeding 1 g C m ¡2 d ¡1 reXected the coastal nature of the SOM, which in summer is characterised by continuous nutrient supply from run-oV. Relatively high biomass coupled with small-sized phytoplankton challenge the general rule of the dominance of picoeukaryotes and nanoplankton in presence of low chl a values, while microplanktonic and colonial diatoms should be responsible of biomass accumulation (e.g. Li 2002; Siokou-Frangou et al. 2010 ). In the Atlantic sector of the Southern Ocean, for example, the contribution of picoplankton and nanoXagellates dropped from 70 to 80% to less than 50% in areas with chl a concentrations >0.8 g 1 ¡l (Detmer and Bathmann 1997) . The lack of large, colonial diatoms in those cases was explained with limitation by either iron or silicates or both (Boyd 2002) . Within the SOM, iron limitation cannot be ruled out but is however unlikely due to the coastal nature of the site, with continuous inputs from land and strong winds presumably carrying terrestrial dust that is generally rich in this mineral. Silicates were not measured during the summer of 1991, but they were rather low (1.84-0.86 M at 0 m) in summer 1993 (Braun et al. 1993 in Iriarte et al. 2001 ). In the latter period, a Si:N ratio of ca 0.7 Braun 1994 in Iriarte et al. 2001) pointed at a fast silicate depletion with consequent changes in the species composition (Iriarte et al. 2001) . The marked stratiWcation of the water column in both the Andean and Patagonian sectors (Saggiomo et al. 1994 ) could also have concurred in selecting out large colonial species that tend to sink more easily in these conditions, especially in case of nutrient depletion. Grazing could have also played a role in shaping the rather unique species association of the SOM, as it was apparently rather eVective at least in the Patagonian sector based on ratios of degraded chlorophyll types (Saggiomo et al. 1994) .
The actual importance of the small eukaryotes relative to the total picoplankton in summer 1991 is hard to quantify. EpiXuorescence counts showed that the abundance of cyanobacteria in the summer 1991 cruise was one order of magnitude higher than that of picoeukaryotes (10 8 -10 9 and et al. 1993) . These data match those showing that the 0.5-to 1.0-m chl a fraction, presumably including only cyanobacteria, was more important than the 1-2 m one (Saggiomo et al. 1994; Magazzù et al. 1996) . On the other hand, very small eukaryotes are not found exclusively in the 1-to 2-m size fraction. The prasinophytes Bathycoccus prasinos and Micromonas pusilla can pass the 1-m pores of the Wlters, while other species, e.g. P. provasolii (average size 2.5 m), could be easily found in the fraction larger than 2 m. In addition, picoeukaryotes can be underestimated even in epiXuorescence, due to their faint and quickly fading red signal, and were certainly underestimated in our light microscopy counts on Wxed material, as most of them cannot be preserved and the remainders are close to the lower limit of detection with the method and magniWcation used. All considered picoeukaryotes may have played a major role in the SOM in summer 1991, also because they have larger cell biovolume and generally higher growth and production rates when compared to cyanobacteria (see, e.g. Worden et al. 2004) .
It is also diYcult to establish whether the small cells observed in the SOM in summer 1991 are a typical component of the phytoplankton of the area in other seasons as well, or they are rather found only in summer. Generally, nanoXagellates and picoeukaryotes are considered to be a stable component of phytoplankton in absolute terms, while their relative abundance varies over the seasons in the year. By contrast, peaks of Xagellates were reported in the SOM in summer and early spring (Cabrini and Fonda Umani 1991; Iriarte et al. 2001) , whereas the contribution of cells <2 m (including cyanobacteria) to the total chl a varied in both percentage and absolute values over the seasons. In fact, absolute and relative picoplankton chl a values in summer 1991 were higher (0.25 § 0.13 g l ¡1 , average 59%) than in spring 1989 (0.14 § 0.07 g l ¡1 , average 6%) and autumn 1995 (0.11 § 0.06 g l ¡1 , average 50%; Magazzù et al. 1996) . Unfortunately, information on the composition of this small-sized fraction in the SOM is scanty. In autumn 1995, prokaryotic picoplankton estimated with epiXuorescence microscopy counts were still one order of magnitude more abundant than eukaryotes, and nanophytoplankton was dominated by cells with a 2-3 m diameter (Vanucci and Mangoni 1999) . Likely, these cells were again P. provasolii, as the strain shown in this paper was isolated from the waters of the SOM in that period, and coccoids were also recorded in cell counts at LM (Iriarte et al. 1996) . However, closer taxonomic investigations on the smallest phytoplankton fraction over the year are warranted in the SOM to assess the seasonality of the species identiWed in summer 1991.
There is little information about the physiology and ecology of most of the tiny species found in the SOM in summer 1991. Based on immunoXuorescence techniques, Campbell et al. (1994) showed that in the Gulf of Maine P. provasolii was relatively more abundant oVshore than inshore (up to 2.5% of the total eukaryotic cells), whereas at station ALOHA (PaciWc Ocean), it attained maximum concentrations at the chlorophyll maximum (10 3 -10 5 cells l ¡1 , up to 23% of the total eukaryotes). Indeed P. provasolii, which owes its name to its presumed association with the pycnocline (Guillard et al. 1991) , was shown to be adapted to low irradiance (Iriarte and Purdie 1993) , which would explain its ability to colonise deep oceanic waters. Nevertheless in summer 1991, P. provasolii did not show any increase with depth and was equally abundant in the Andean and Patagonian sectors, despite a signiWcant diVerence in irradiance between these two subregions (Saggiomo et al.1994) . On the other hand, irradiance in the SOM in late summer did not exceed 25 E m ¡2 day ¡1 (Saggiomo et al. 1994 ) and was probably further reduced by frequent cloudiness.
It is remarkable that several species, e.g. P. provasolii and Emiliania huxleyi, were widespread across the SOM, despite the heterogeneity of distinct areas in terms of biomass (Saggiomo et al. 1994) , POC (Carrada et al. 1994) and ciliates (Fonda-Umani and Monti 1991) . This result indicates a high tolerance of these species to a wide range of hydrographic features (nutrient concentrations, light intensity, salinity, mixing), but may also points at some possible distinctive features of the SOM that would play a relevant role all across its remarkable length. On the other hand, it is diYcult to ascertain to what extent the assemblages observed in summer 1991 were representative of the whole SOM. Indeed, species diversity was rather low in our investigations, due to both a relatively small number of species and to the rarity of most of them. This low diversity could be normal for the season along the main path of the SOM and could be enhanced by some distinctive constraints allowing the survival of a limited number of species in the area. A low diversity, for example, was highlighted for copepods, whose species number drastically decreased in the internal sectors of the SOM in comparison with the boundary region (Mazzocchi and Ianora 1991) . Yet, total diversity in the whole SOM could actually be higher, considering that other species not found in our study could be important in the fjords or in more inshore stations, where, for example, dinoXagellates blooms have recurrently been reported (Guzmán et al. 1975; Lembeye et al.1975; Uribe 1988a, b; Uribe and Ruiz 2001) .
Despite the above-mentioned characters of homogeneity, spatial diVerences were detected in the phytoplankton assemblages of the SOM which broadly corresponded to those traced by Saggiomo et al. (1994) and Carrada et al. (1994) based on pigments and POC, respectively. For example, clearly diVerent assemblages were observed at both the entrances to the Straits. Phytoplankton in these areas are probably not representative of the nearby ocean phytoplankton, but may rather be inXuenced by the boundary nature of the entrances. Especially at the Atlantic boundary, the eVect of the tides was relevant in determining high turbidity conditions and low phytoplankton abundances. A clear discontinuity with low cell numbers and extremely low numbers of diatoms and dinoXagellates was noticed between the Andean and Patagonian sectors (Sector C), broadly corresponding to the divergence area identiWed in previous studies. In the area of Paso Ancho, phytoplankton showed its maximum abundance probably in relation to non-exhausted nitrogen resources, along with stratiWed conditions and higher light availability and residence time when compared to the Andean sectors (Saggiomo et al. 1994) .
Bahia Inutil and Paso Ancho were also the only areas of the internal part of the SOM showing a relatively high abundance of diatom species. The presence of diatoms in those stratiWed waters apparently contradicts the general principle that these species would only thrive in well mixed waters (Margalef 1978; Alves-de-Souza et al. 2008) . However, as also discussed in the following section, in Paso Ancho and Bahia Inutil, diatoms were all very small and prevalently non-colonial, thus diVering from the colonial, large-sized species mainly found at the Atlantic boundary, which typically proliferate in mixed waters. The ecology of these tiny diatom species is poorly known, but it is presumable that their silicate requirement is much lower when compared to larger species. Evidence is being gathered that some of them can actually contribute a relatively high proportion of biomass and primary production in several places, such as the upwelling waters along the California coasts (Buck et al. 2008) , the North and South PaciWc Ocean (Kang et al. 2003; Aizawa et al. 2005; Komuro et al. 2005) , the Atlantic Ocean (Gould and Fryxell 1988) and the North Western Mediterranean Sea (Percopo et al. in press ). In addition, diatoms of Paso Ancho and Bahia Inutil at times formed short colonies and generally had a more elongated shape, when compared to the rounded, solitary species found in the rest of the SOM. Again, this could be related to some either hydrodynamic or biogeochemical peculiarities of this sector of the Straits, which however cannot be disentangled based on data from a single survey, especially due to the poor ecological information on individual species in the smallest size fraction of diatoms and of nanoplankton in general. A comparable lack of ecological information also characterises the naked nano-and microplanktonic dinoXagellates that constituted a large part of the biomass at many stations of the SOM. As a group, they appear to form consistent proportion of the phytoplankton biomass also in other seasons in the SOM (Iriarte et al. 2001) , or in summer in other areas of the world, e.g. the Mediterranean Sea (Siokou-Frangou et al. 2010) . Considering that heterotrophic and mixotrophic species are well represented in dinoXagellates, we cannot exclude that they could signiWcantly contribute to the consumption of the picoplankton of the area in this season.
The distinctiveness of the planktonic microXora of the SOM The most striking peculiarity of the SOM phytoplankton in summer 1991 was its species composition. The dominant species P. provasolii has been recorded infrequently since its Wrst description from deep North Atlantic and Gulf of Mexico waters (Guillard et al. 1991) . Cultures of P. provasolii were isolated from several localities, including the Chilean upwelling (Le Gall et al. 2008) , the Ligurian Sea (Mediterranean Sea) and the English Channel , while the only abundance data for the species are those from immunoXuorescence counts in the Gulf of Maine (Atlantic Ocean) and at the station Aloha in the PaciWc Ocean (Campbell et al. 1994) .
The diatoms found in the SOM in summer 1991 are also hardly mentioned in other studies. Lennoxia faveolata was Wrst found in the nearby Beagle channel in April 1986, where most cells had typically curved (crescent-shaped) valves. The straight valves of L. faveolata from the SOM suggest that it could even be a diVerent species (Thomsen et al. 1993) . Lennoxia faveolata was also found with high numbers (5.8 £ 10 6 cells l ¡1 ) in Californian waters in winter and retrieved in West Greenland and Denmark, but it has never been recorded since its description. Actually, elongated morphs of L. faveolata could be confused with one of the commonest diatoms, Cylindrotheca closterium, while shorter morphs could easily be misidentiWed as Phaeodactylum tricornutum. Our recent observations of samples collected in 2009 in the Southern Atlantic during an iron fertilisation experiment revealed the presence of L. faveolata, which was probably misidentiWed as Cylindrotheca closterium (Assmy, pers. comm) in previous studies in this area (Assmy et al. 2007 ). The report of Phaeodactylum tricornutum in net phytoplankton all over the channel in November 1989 (Uribe 1991) could actually be another case of misidentiWcation of L. faveolata, which could be present in the Straits also in other periods of the year. Another common picoplanktonic diatom in the SOM was Minidiscus trioculatus which, along with other tiny congeneric species, have largely been overseen in plankton investigations due to their inconspicuous and featureless aspect in LM. Other small-sized diatoms in the SOM, i.e. the tiny and almost featureless cylindrical diatoms, either single cell or colonial, were hardly attributable to known species. Indeed, the morphological variability of some small diatoms, e.g. the cymatosiraceans, is high but scarcely known in natural samples (Hasle et al. 1983 ). These morphs could be an expression of the extreme morphologic variability expressed along the life cycle of these species, but we cannot exclude that they are in fact geographical varieties of known species, with distinct morphologies in relation to peculiar hydrographic conditions in the SOM. Alternatively, they could even be new, undescribed species, only morphologically similar to known species from the northern temperate hemisphere.
Several species Wrst reported in the SOM in this study are instead known from diVerent latitudes and types of environment. Bathycoccus prasinos was described from deep waters from the Mediterranean Sea by Eikrem and Throndsen (1990) and was probably present in the northeastern Atlantic and in California (Johnson and Sieburth 1982) . Recently, molecular methods have revealed its presence in PaciWc waters (Worden et al. 2004 ) and in the English Channel (Marie et al. 2010) . Micromonas pusilla, Mamiella gilva and Pyramimonas grossii, Wrst identiWed in the SOM in our study, are also cosmopolitan, but are not frequently reported because their identiWcation requires TEM or live material observations. The lack of reports of Emiliania huxleyi in previous studies in the SOM is surprising, but it could be due to the common use of acid Wxatives that destroy calcareous plates, preventing the identiWcation of this widespread coccolithophore. Flagellate stages of Phaeocystis sp. were recognised in light microscopy based on the presence of the typical 5-Wlament ejections and were also retrieved in TEM sections. However, morphological information obtained in this study did not allow a clear attribution to any species. Phaeocystis sp. has already been reported in LM studies from the SOM , probably as colonies, as these are more frequently identiWed at least at the genus level.
From a biogeographic point of view, the late summer SOM microXora, largely dominated by the coccoid prasinophyte P. provasolii and by tiny diatoms, to our knowledge does not resemble any other species association of the world's seas. The lack of comparable assemblages may depend on the geographical and hydrographic uniqueness of the SOM, which is the only continental ecosystem at that latitude. This would however aVect phytoplankton composition only in this particular season of the year, since the colonial diatoms dominating the spring assemblages in the SOM are the same as those found in many other temperate coastal areas (Uribe 1991; Cabrini and Fonda Umani 1991) . On the other hand, it is also possible that the dominant species found in summer 1991 in the SOM are actually widespread and abundant elsewhere, but they are not easily identiWed with routine methods. Indeed, molecular investigations in recent years have revealed that small prasinophytes and other tiny species are much more widespread and abundant than thought before Marie et al. 2005; Foulon et al. 2008) . The same considerations also apply to very small diatoms, which are very diYcult to identify and at times even hardly recognisable as diatoms. Therefore, the observed peculiarity of the SOM microXora in summer 1991 could simply reXect the generalised lack of information on the distribution of individual picoeukaryote species in the sea. Clearly, taxonomic investigations supported by molecular techniques are required in this interesting region to clarify the identity of the species living there and to conWrm the absence of Antarctic/subantarctic and/or endemic species.
